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This report  was prepared as an account of Government-sponsored work. 
Neither the United States, nor the National Aeronautics and Space A d m i n i -  
s t ra t ion  (NASA), nor any person acting on behalf of NASA: 

a )  Makes any warranty or  representation, expressed OT implied, 
with respect t o  the accuracy, completeness, or usefulness of 
the information contained in t h i s  report ,  or that  the use of 
any information, apparatus, method, o r  process disclosed in 
t h i s  r epmt  may not infringe privately-owned r ights ;  or 

b )  Assumes any l i a b i l i t i e s  with respect t o  the use of, or  for 
damages resul t ing from the use of any information, apparatus, 
method, or process disclosed in  t h i s  report. 

A s  used above, Itperson acting on behalf of NASA" includes any employee o r  
cantractor of NASA, or employee of such contractor, t o  the  extent t ha t  
such employees or contractor of NASA or employee of such contractor pre- 
pares, disseminates, or provides access to ,  any information pursuant t o  
h i s  employment of contract with NASA, or h i s  employment with such con- 
t r a c t  or. 

Requests f o r  copies of t h i s  report  should be referred to:  

National Aeronautics and Space Administration 
Off ice  of Scient i f ic  and Technical Information 
Washington 25, D. C. 

A t  tent  ion : AF SS-A 
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FOREMOFD 

The work described herein i s  being performed by Thompson Ramo 
Wooldridge Inc. under the sponsorship of the National Aeronautics and 
Space Administration under contract  NAS-3-2%S. 
study is t o  obtain design creep data  on refractory metal a l loys  f o r  
use i n  space power systems. 

The purpose of t h i s  

The program i s  administered f o r  Thompson Ram0 Wooldridge Inc. by 
E. A. Steigerwald, Program Manager. J. Sawyer is t h e  Principle Inves- 
t iga ta r .  H. Phil leo and R. Ebert contributed t o  the  program. 
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ABSTRACT 

Creep da ta  a re  presented fo r  tungsten, tungsten-25% rhenium, TZM 
molybdenum a l l o y  and AS-30 columbium a l loy  with photomicrographs of 
the microstructure before and after test. On the  bas i s  of t he  current  
t es t  results,  the creep strength of tungsten is less than t h a t  of 
tungsten-2S% rhenium sheet a l loy  a t  3200'F. 
alloys at  2000°F, preliminary tests show t h a t  t h e  TZM a l loy  in the  

p la te  material. 

I n  the  case of turbine 

forged condition has a greater creep s t rength than 
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The object of t h i s  program is t o  obtain long-tim creep data on 

The equipment design and the description of the test 
selected refractory al loys which have potential  use in advanced space 
power systems, 
methods have been presented in previous quarterly reports, 

A large number of the vacuum chambers have shown small leaks in the 
cold w a l l  welds. 
present eleven units haw been repaired and testing of the currently avail- 
able alloys is being conducted i n  five of the chambers, The purpose of 
these t e s t s  i s  t o  screen the alloys on the  basis of creep resistance and 
t o  select  stress levels which w i l l  produce useful design data i n  10,000 
hour t es t s ,  

As a result ,  extensive reworking has been performed. A t  

The t e s t  plan consists af conducting tests a imd a t  determining the 
relative creep behavior of five turbine alloys i n  the temperature range 
between 2000.F and 2200OF and three cladding alloys at 320OOF. The  turbine 
alloys selected f o r  evaluation i n  forged disc  o r  rolled plate form w8m1 
columbium-base alloys, AS-30 and Cbl32Mj molybdenum-base alloys, TZM and 
TZC; and ST222, a tantalum-base material, The cladding alloys which ax% 
t o  be tested a s  (3.030" sheet include: arc-oast tungsten, arc-cast tungsten- 
25% rhenium alloy, and a l v a n i a  A alloy. A t  present the AS-30, TZM, TZC, 
tungsten and tungsten-25% rhenium have been reaeived. 
of these alloys is presented in  Appendix I along wi th  dimensions of the 
t e s t  specimns and the orientation of the specimen blanks relat ive t o  the 
working direction of the as-received material. 

The processing history 

The available creep test data and the chemical analyses of the alloys 
are presented in  de t a i l  in Appendix 11. 

The t e s t  procedure involves obtaining a vacuum of l P I O  Torr or be t te r  
a t  room temperature, then heating the  specimen a t  a r a t e  so that the vacuum 
never is more than the 10-7 range, The s p e c b n  is then held a t  temperature 
f o r  appraximately two hours prior t o  load application, During the i n i t i a l  
stages of the  test some specimen contraction is often observed due t o  a 
s l ight  temperature decrease produced by the increased gr ip  contact and the 
resulting increase in heat conduct on, As the t e s t  proceeds, the vacuum 
continuously improves into the 1d - 10-9 scale, 

The initial creep tests are being conducted a t  three s t ress  levels 
with the end-point c r i t e r i a  being a t o t a l  extension of l% i n  the turbine 
alloys and 5% i n  the cladding material, 
tests is t o  obtain t h i s  degree of extensgon i n  approximately lo00 hours. 
On the basis of these evaluations, one turbine and one cladding alloy W i l l  
be selected f o r  10,000 hour tests. 

The ultimate goal in the  screening 

- 1 -  
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Tuncsten-2% Rhenium 

In  the last quarterly report  creep data  were presented f o r  a tes t  
on r e c r y s t a l l b e d  tungsten-2S4& rhenium at  3200°F with a stress of 5,000 
psi,  
A second t e s t  a t  3200OF using a s t r e s s  of 3,000 p s i  produced 5% creep 
after 97 hourso The creep curve f o r  the  test a t  3,000 p s i  is p lo t ted  in 
Figure 1 along with the r e s u l t s  previously obtained at 5,000 psi. Since 
a tes t  of 1000 hours duration wi th  1-5% creep was  desired, the da ta  were 
plot ted on a log-log basis  in Figure 2 and the 2% creep level extrapolated 
t o  1000 hours giving a s t r e s s  of 500 psi. 
t~mngsten-25% rhenium sheet was run at 3200°F and the  r e s u l t s  are shown in  
Figure 3, page 5. Figure 3 a l so  contains an. i n se r t  which presents data 
obtained during the  first hour. The t e s t  was discontinued a f t e r  appraxi- 
mtely 250 hours due t o  a sl h t  leak in  the cold w a l l  which caused the  

Under these conditions a 5% creep l e v e l  was reached after 37 hours. 

Using t h i s  value, a tes t  of 

pressure t o  rise in to  the  10 3 Torr  range. 

A metallographic examination was made of the  tungsten-25% rhenium 
a l loy  both before and after test. Characterist ic microstructures of the 
tungsten-2S$ rhenium a l loy  in the as-received condition are shown in  
Figure 4, page 60 A photomicrograph of t h e  edge of the sheet p a r a l l e l  t o  
the ro l l i ng  direct ion is not shown since it exhibi ts  the same microstruc- 
ture as the edge perpendicular t o  the  ro l l i ng  direction. 
application the s p e c h n s  were recrystal l ized f o r  appraximately two hours 
a t  the test temperature. After test ing a t  3200'F, a l l  specimns were 
found t o  be thermally etched revealing large recrystal l ized surface grains, 
Figure 5, page 7. The appearance of the microstructure after polishing 
and chemfcal etching, a l so  shown i n  Figure 5 ,  is  comparable t o  t h e  thermally- 
etched surface, 

P r i o r  t o  load 

Chemical analysis of the tungsten-25% rhenium alloy was made a f t e r  the 
9?-hour t e s t ,  and the  results are g i w n  in Appendix II, Table VIII. No 
general conclusions r e l a t ive  t o  changes i n  composition w i l l  be presented 
u n t i l  da ta  from the complete test sequence are available. 

Tungsten 

using applied stress leve ls  of 3,000 and LOO psi. 
Figures 6 and 7 (pages 8 and 9) and presented in d e t a i l  in Appendix 11, 
Tables I11 and I V ,  
30 hours while a t  a stress of 400 p s i  t h e  t o t a l  elongation in 7l.4 hours was 
only 0,12%. 
the  cold wall weld zone. 

Creep t e s t s  a t  3200OF were conducted on recrystal l ized tungsten sheet 
The da ta  are plot ted in  

A t  3,000 psi ,  5% creep was at ta ined in approximately 

The test  was terminated a t  t h i s  time due t o  a s l i g h t  leak in 

The microstructure of the  tungsten sheet i n  the  as-received condition, 
Figure 8, shows the deformed grains in the edge of the sheet perpendicular 
t o  the ro l l i ng  direct ion ard Wpancaked" grains  i n  the surface of the sheet. 
After tes t ing ,  the specimen had the charac te r i s t ic  recrys ta l l ized  grain 
morphology, Figure 9 ,  page 10, 
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A 1574 

EDGE PERPENDICULAR TO ROLLING DIRECTION 

A 1573 

SURFACE OF SHEET 

FIG. 4: MICROSTRUCTURE OF TUNGSTEN -25% RHENIUM ALLOY SHEET 

IN AS-RECEIVED CONDITION. ETCHANT: 15% HF, 15% HZSO,, 
8% HNO,, 62% H20, 100 X. 
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A 1786 

UNPOLISHED SURFACE OF SPECIMEN SHOWING THERMAL 
ETCHING 

A 1789 

TYPICAL MICROSTRUCTURE AFTER POLISH 01 ETCH 
ETCHANT: 15% HF, 15sb HZSO,, 896 HNO,, 6296 HZO 

FIG.5: MICROSTRUCTURE OF TUNGSTEN -25% RHENIUM ALLOY AFTER 
TESTING AT 320OOF FOR 97 HOURS, IOOX.  
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3ooo PSI. 
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A 1577 

EDGE PERPENDICULAR TO ROLLING DIRECTION 

A 1576 

SURFACE OF SHEET 

FIG. 8: MICROSTRUCTURE OF TUNGSTEN SHEET IN AS-RECEIVED 
CONDITION. ETCHANT: 15% HF, 15% H,SO,, 8% HNO,, 62% 
H20, IOOX. 
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A 1790 

TYPICAL MICROSTRUCTURE AFTER POLISH & ETCH 

FIG. 9: MICROSTRUCTURE OF TUNGSTEN SHEET AFTER TESTING AT 
32OO0F, 714 HOURS, ETCHANT: 15% HF, 15% H2S04, 8% "os, 
62% H20, IOOX. 
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The available chemical analysis of the tungsten sheet i s  given in 
Appendix 11, Table Ix. 

TZM Molybdenum Alloy 

The first turbine al loy t o  be evaluated was TZM in  the  stress-relieved 
condition, A preliminary test was made with the  objective of checking out 
the g r i p  and specimen arrangement, determining the a b i l i t y  of the extenso- 
meter t o  measure elongation on a curved surface, and measuring the tempera- 
tu re  gradient, 
calibrated thermocouple as i s  the normal practice but was measured with an 
opt ica l  pyrometer corrected f o r  s ight  port  losses, The t e s t  temperature 
was 2130°F and the  applied stress 12,555 psi ,  After 645 hours, a creep of 
% was  produced and the test w a s  terminated,, 

The temperature of t h i s  t e s t  was  not determined from a 

The data  are presented in Figure 10, page 13, with the measurements 
Data obtained from a taken during the f irst  hour plotted in the insert, 

second test which is  now in  progress at  a temperature of 2000.F and 10,000 
p s i  are given i n  Figure 11, page lk. 

The tes t  r e su l t s  in Figure 10  show that TZM exhibited a relatively 
rapid creep r a t e  during the f irst  100-150 hours which was followed by a 
period where the creep rate decreased t o  a very low value, After approxi- 
mately 450 hours, extension continually increased u n t i l  the selected creep 
l i m i t  of 1% was reached, 

The microstructure of the TZM al loy p r io r  t o  tes t ing  i s  shown i n  
Figure 12,  page 
the surface of the d i sc  reveals extensive flow l ines  which are not uniform, 
but vary depending upon the area examined, 
cross-section of the specimn (perpendicular t o  a radius of the d i sc  
forging] after 650 hours a t  2130.F is  shown in Figure 13, page 16, 
contrast  t o  the  microstructure before tes t ing t h i s  specimen shows def in i te  
flow l i n e s  probably residual  from the upsetting process, 
did not appear i n  the or ig ina l  microstructure is a t t r ibu ted  to the position 
of t he  two areas examined with respect t o  the distance from the center of 
the  forging, 
t h i s  point, A t  present there i s  no evidence of microstructural change i n  
the TZM al loy which could account f o r  the  rapid increase i n  creep rate that 
occurred after approximately 500 hours. 

The area pa ra l l e l  t o  a radius and perpendicular t o  

The microstructure of the 

In 

The f a c t  t h a t  they 

Additional examination w i l l  be made i n  an attempt t o  c lar i fy  

AS-30 Columbium Alloy 

The i n i t i a l  tes t  on AS-30 plate in the stress-relieved condition was 
conducted a t  2000% and 12,000 psi, The data  plot ted in Figure lh indi- 
cate  t h a t  the l$ creep limit was attained a f t e r  800 hours, The general 
progress of creep ,for the duration of the test  was quite linear with the 
exception of the period a t  100-150 hours, where a s l i g h t  inf lect ion appeared 
on the  creep curve, 
was  also noted during t h i s  time period, 

A s l igh t  temporary rise in pressure (10-6 Torr range) 

-12 - 
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EDGE PARALLEL TO RADIAL DIRECTION 

A 1565 

A 1563 

EDGE PERPENDICULAR TO RADIAL DIRECTION 

FIG. 12: MICROSTRUCTURE OF TZM FORGED DISC IN AS - RECEIVED CONDI- 

TION, MURAKAMI'S ETCH, IOOX 
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A 1788 

CROSS SECTION OF SPECIMEN 
(EDGE PERPENDICULAR TO RADIAL DIRECTION) 

FIG. 13: MICROSTRUCTURE OF TZM FORGED DISC AFTER 

650 HOURS AT 213OoF, MURAKAMI'S ETCH, IOOX 
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The microstructure of the as-received AS-30 pla te  is shown in Figure 
15. Although cross ro l l ing  has t o  a large extent broken up the extruded 
structure,  the surface of the plate does indicate tha t  some s l igh t  direc- 
t i o n a l i t y  s t i l l  pers i s t s ,  
(edge of plate  pa ra l l e l  t o  the roll ing direct ion)  after 800 hours a t  
2000oF is shown i n  Figure 16. 
has taken place as a result of exposure t o  the t e s t  conditions. 

The microstructure of the specimen cross section 

The s t ructure  indicates that l i t t l e  change 

DISCUSSION 

From the data available t o  date, some preliminary material  compari- 
sons can be made. In the case of the sheet alloys, tungsten-25% rhenium 
and tungsten at re la t ive ly  high stress levels, the tungsten is l e s s  res is-  
t a n t  t o  creep. 
tungsten-25k rhenium with 5,000 ps i  s t r e s s  reached the 5% creep limit in  
40 hours whereas tungsten with a stress of 3,000 p s i  required only 31 hours 
t o  a t t a i n  t h i s  same Unit. A t  lower  s t resses  the two materials are more 
comparable. Tungsten-25% rhenium a t  a stress of 500 p s i  required approxi- 
mately 275 hours t o  reach 0,s creep while tungsten a t  400 p s i  required 
approximately 450 hours t o  a t t a i n  t h i s  same degree of creep. 

This observation is based upon the f a c t  tha t  a t  3200°F 

A comparison of the two turbine alloys T Z M  and AS-30 in the s t ress -  
relieved condition i s  somewhat d i f f i c u l t  since they show two en t i r e ly  
different creep curves with the same t e s t  conditions. 
creep extensions below 0,5% the  TZM alloy appears t o  be superior t o  the 
AS-30 material, 

However, f o r  t o t a l  

FUTURE WORK 

Test- w i l l  be in i t i a t ed  on the  TZC a l loy  which is currently avail-  
able. 
and these materials w i l l  be integrated into the t e s t  program t o  provide 
comparative data  f o r  the turbine alloys. 

Both the SP222 and Cb132M should be received dwing the next quarter, 

The Sylvania A sheet material i s  scheduled f o r  delivery within the 
next month. 
cladding al loy for the 10,000 hour tes ts .  

Creep curves w i l l  be determined t o  allow selectian of the bes t  

- 18 = 
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A 1578 

EDGE PARALLEL TO ROLLING DIRECTION 

A 1580 

SURFACE OF PLATE 

FIG. 15: MICROSTRUCTURE OF AS-30 PLATE IN AS-RECEIVED CONDI- 
TION, ETCHANT: 15% HF, 15% H,SO, 9 8% HNO, 9 62% H20, IOOX. 
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A 1795 

CROSS SECTION OF SPECIMEN 

FIG. 16: MICROSTRUCTURE OF AS-30 PLATE AFTER 800 HOURS 
AT 20OO0F, ETCHANT: 15% HF, 15% H,SO,, 8% "03, 
62% HZO, 100 X .  
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Vendor : 

TABLE A-I  

PROCESSING OF TUNGSTm - 25% RHENIUM SHEET 

Wah Chang Corporation 
Albany Division 

Proce ssing H i  s tory a 

1) 

2) Rolled t o  0,03511 

3) 0.035" sheet stress relieved 

O.05Stt sheet stress relieved one hour 237S0F 

a)  small sheet - 2375'F 

b) l a rge  sheet - 255OOF . 
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TABLE A-I1  

PROCESSING OF TUNGSTJ3N SHEET 

Vendor : Universal Cyclops S tee l  Corporation 
B r  idgevi l l  e, Pennsylvania 

Processing Historx: 

1) 

2) Forged open die  2200°F 

3)  Rolled 

Extruded 4tl r a t i o  3130°F (TRW) 

a) I n i t i a l  2300°F 

b) Intermediate 1800°F 

c)  Final  1400°F 

4) Stress  relieved 1700°F, 

= 23 = 
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TABLE A - I 1 1  

PRC!CESSING OF TZM FORGED DISC 

Vendor: C l i m a x  Molybdenum Company of America 
C oldwat e r  , Michigan 

P r  oce ssi ng H i  s tory:  

1) 

2)  Machined t o  10-3/!~" dia.  

3)  Extruded t o  6-1/4" dia .  

4) Heat t r e a t e d  a t  2700'F 

5 )  Upset forged a t  2200'F 

6)  S t r e s s  r e l i e v e d  a t  2200'F 

Vacuum arc melted i n g o t  11-1/2" dia .  



TRW EQUIPMENT LABORATORIES 

THOMPSON R A M 0  WOOLORIDGE INC. 

TABLE A - I V  

PSOCESSIYG OF AS-30 PLATE --. 

Vendor: General  E l e c t r i c  Company -- 
Refractory Metals P l a n t  

Frocessing History: 

Vacuum a rc  n e l t e d  i n g o t  5.4" dia.  

Machined t o  40811 d ia .  

Jacket  i n  molybdenum 

Extrude 3.25':1 r a t i o  a t  2825'2- t o  
4" x 1.62511 s h e e t  bar 

Cross r o l l e d  a t  2100'p t o  O.79of1; argon stnosphere 

Acid etched t o  remove molybdenum j a c k e t  

Abrasive sawed t o  f i n a l  width and l e n g t h  

- 25 - 
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TABLE A-V 

PROCESSING OF TZC PLP.TE 

Vendor : General E l e c t r i c  Company 
Ref rac to ry  Metals P l a n t  
Cleveland, Ohio 

Processing H i  s t o r y  : 

1) 

2) Machine t o  5" dia., 

3 )  Extrude 2r30: l  r a t i o  t o  4-1/8" x 2.22" s h e e t  bar, 

)1) 

Vacuum arc melted i n g o t  5.88ll dia., 

Cross-rolled a t  2925'F i n  L-1/8I1 d i r e c t i o n  t o  0.7)-~0~~,  

hydrogen atmosphere, 

G r i t  b l a s t e d  and c u t  t o  f i n a l  l e n g t h  wi th  a b r a s i v e  sawo 5) 
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ROLLING 
DIRECT ION 

FIG. A-I LOCATION OF SPECIMEN ON SHEET STOCK. 



TRW EQUIPMENT LABORATORIES 

THOMPSON R A M 0  WOOLORIOOE INC. 

c 

II 

5f RAD. 

\ \\'\\\\\ 
SPECIMEN BLAN 
\ \ \ \ \ \ \ \ \  

/ 

FIG. A-2  LOCATION OF SPECIMEN ON FORGED DISC. 
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EXTRUDING 
DIRECTION 

4" 

i 

FIG. A-3 LOCATION OF SPECIMEN ON EXTRUDED AND ROLLED PLATE. 

1426 
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- .  
t 

TABU B - I  

CFEXP !ITST BATA TUNGST"X-25$ R " M  SHEETfi -' 
3200°F, 3000 psi 

Tine 
(Hours ) 

.5 

1.5 

2 -5  
3.0 
3.5 
44.4 
53.1 
63.6 

1.0 

2.0 

76.2 
93.7 
95.8 
P7.2 

\ I  
I, I ,  
I &  

- _ _  - 

l e n g t h  Change 
AL ( i n )  

( 2 "  G. L . )  

0 
.0001.5 
.00045 
.OO075 
. O0075 

,00290 

. OCllO 
-039liS 
. ckeoS 
.06780 
. ~ 7 6 0 0  

09930 
10335 
. lOLS0 

Creep 
($1 

Pressure 
( Torr  ) 

1 x 10-8 

6 x 10-7 

7.8 10-9 

8.4 x 10-9 

8 x 10-9 

.I 

" b-lloy r e c r y s t a l l i z e d  i n  s i t u ,  approximately two h o u r s  a t  3200°F, 
p r i o r  t o  load  app l i ca t ion .  

T e s t  terminated a t  5% creep l i m i t .  
\ t  \I P 8  ,\ --- 

- 33 - 
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TABLE B - I 1  

CX;EP TEST DATA, TTJI'TGSTEN-25% RHENIUM SHElTl?-' 

3200'~. 500 psi 

Tine 
(Hours ) 

0.1  

0 .2  

c.3 
O * 4  
0.5 
0.6 
0.7 

0.8 

0.9 
1.0 

1.5 
2 .o 

13.7 
37.1 
61.2 

85.3 
157.5 
182.7 
205.4 

" "253.3 
)cy 

Length Change 
AL ( in)  

( 2 "  G. L.) 

0 
0 

0 
0 

0 

0 

0 

0 

0 

0 

0 

0 

- .00005 

.ooo~o 

.00050 

.00115 

.00150 

.00180 

0 

.00140 

Pres sure 
(Torr  ) 

3 2.4  10-7 

0 2 . 1  10-7 
0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

- ,0025 

0 

.0200 

.0250 

.os80 

.0700 

00750 

.0900 

1.9 x lo-.( 

1.5 10-7 
4.5 x 10-8 

2.2 x 10-8 

2.4 x 
2.3 x lom8 

1.3 x 
1.3 x lom8 
1.9 x 
3.6 10-7 

-x Alloy r e c r y s t a l l i z e d  i n  situ, approximately two hours a t  32OO0F, 
p r i o r  t o  load  appl ica t ion .  

Test Terminated, leak in cold w a l l .  
* I  \I -- 
I ,  .r 

- 34 - 
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. .  
TABIE B-I11  

C m E P  T E S T  DATA, TUNGSTEN SHEET-" 
3200°F, 3000 psi 

Length C h a n g e  
Time AL ( i n )  Creep Pres sure 

( Hours ) (2"  G. L . )  ($1 (Torr ) 

25 
50 

75 
1-75 
2.00 

3.00 
4.25 
6.00 

7 - 2 5  
8.00 

10.00 

11.00 

12.10 

13 90 
16.00 

17.00 

18.00 
19.00 

20.25 

22.25 

32 * 30 

21.00 

23.00 
I\ I .  

.00105 

.002 82 

.00820 

.01120 

.@11160 

.01940 

.02165 

.02385 

02955 

.00199 

00733 

.0315'0 

.03 780 
04160 

e03320 

.Oh500 

Oh975 
*05'395 
05 705 
.06165 
.06880 

.io778 

. 0 7140 

05 

*l4 
9 37 
41 
56 
73 
97 

1.09 
1.20 

1.48 
1.58 
1.66 
1.89 

.10 

2.08 
2.26 
2.50 

2.85 

3.44 
3.57 
5.38 

2.70 

3.08 

8 x 10-7 

8 x 10-7 

8 x 10-7 

7 10-7 

5.5 10-7 
2.2 x 10-6 
1.2  x 10-6 
1 . 2  x 10-6 

7 10-7 

5.5 x 10-8 

6 x 10-7 

6 x 10-8 

9 x 10-8 
9.3 x 10-8 

7.9 x 10-8 
8.k x 

8.0 x 
7.8 x lom8 
7.6 x 
7.5 x 10-8 
6.1 x 

.'L 

" Tungsten recrystal l ized i n  s i t u ,  approximately two hours a t  3200°F, 
p r i o r  t o  l o a d  application. 

XL'L 

" "  Test terminated a t  5% creep limit. 
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TABIE B-IV 

CREEP TEST DATA. TUNGSTEN SHEET" 
3200°F, 400 psi 

Length Change Length Change 
Tipe AL ( i n )  Creep Pressure Time AL ( in )  Creep Pressure 

(Torr) (Hours) ( 2 "  G. L . )  (%) - (TJinutes) (211 G. L . )  - ( 5 )  (Torr) 

1 
2 

3 
4 
5 

15 

25 
30 
60 

10 

20 

- .00010 

- .00005 

- .oocQ5 
0 

0 

- .00035 
- .00020 

.00030 

.00030 

.coo25 

.00025 

. O O ~ O  2.6 10-7 

.0025 

.0025 

0 

.0018 

.OOlO 

. U O l 5  

.0015 

.0013 

0 

.0013 

19.4 
lr2.3 
90.2 

163.1 
186.3 
210. 4 
234.9 
258.3 
264.5 
330.5 
354 - 4 
378.8 
426.4 
h85.5 
498.8 
546.3 
569.7 
594. Ir 
654 - 9 
666.2 
690.8 

'I " 7 l 4  . 2 
\ I  \, 

0 

. 0 0010 

.00050 

,00125 

00145 

.00100 

.00120 

.00100 

.GO120 

.00160 

.00180 
00190 
OOl-45 

.00190 

.00195 

.GO200 

.00210 

.00220 

.00230 

.00235 

.00240 

.00235 

0 

,005 

.025 

.os0 

.0625 
0725 

.060 
055 

.060 

.080 

.090 

095 

0073 
095 

,098 
.loo 
.lo5 

.115 

. n o  

.118 

.I20 
,118 

3.2 x 
1 . 7  x 
1.4  x lom8 

8.8 x 10-9 

1.8 x lom8 

8.4 10-9 

1.5 x 10-8 

5.0 10-9 
1 . 2  x 10-8 
1 . 2  x 10-8 
1.1 x 10-8 
6.0 10-9 
3.8 10-9 
4.6 10-9 
9.8 10-9 
6.9 10-9 
1 . 2  x 10-8 
8.8 x 10-9 
6.8 x 10-9 

6.6 x 10-9 

8.0 x I O m 8  

1.h x 10-6 

_ _  
'' Tungsten r ec rys t a l l i zed  i n  situ, approximately two hours a t  32OO0F, p r io r  t o  load 

anpl icat ion.  

Test terminated, leak i n  cold w a l l .  
..'->.L 
I\ I\ 
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Time 
(F!inutes 

1 
2 

3 
4 
5 
10 

15 

25 

35 
45 
50 
60 

TABLE B-V 

Pressure 
(Torr) 

5 x 

Length Change 
Time A L  (in) Creep 

(Hours) ( 2 "  G O  LO (%I 

CilEP TZST DATA, STRESS-RELIEWD TBI FORGFD DISC, 2128'F, 12,555 PSI 

Length Change 
A L  ( i n )  Creep 
(2" G. L.) ($1 

0 0 
.00050 03 
.GO030 .015 
.00035 .OM 
a00030 .015 
0 0 

000025 0013 + 

.00065 .033 

.00060 0030 

.@0065 033 

.@0060 030 

.00070 035 

* Test Terminated at 1% creep 
limit. 

1 
1.5 

2.5 
3.0 
3 *5 
4.0 
4.5 
5.0 
20.8 
45-2 
68.7 

1.u. 2 
166.3 
189.0 

2.0 

236.8 

309.6 
332.7 
357.1 
381.7 
405 3 
411.3 
b7.7.6 
501 .L 
549 2 
573.2 
631.9 
*645 7 

.00070 

.00065 

.O0070 

.00070 

.00085 

.00090 

000075 

.00075 
e 00075 

.00105 

0 00155 
.00160 
.00275 
.OO 235 
.00255 . O02)15 
.00250 

.DO250 

.O027O . 00 265 . 00 260 

.003 25 

.00435 

.00495 
om555 
0635 
.017 25 
.02210 

-035 
033 
035 

-035 
0043 
045 . 038 
.038 
-038 

e 0 5 3  
.078 
.090 
.138 
.118 
.128 
.123 
2 5  
.125 
135 

.I33 

.I30 

.163 

.21Y 

.248 

.278 

.318 

.863 
10 105 

Pres sur  e 
( Torr) 

3.6 x 10- 8 

2.6 x lo'* 
2.0 x 
2.4 x lo-' 

3.0 X 

2.1 x 10-c 
2.0 x 10-8 

-8 l.!, x 10 
1.3 x 
1.2 x 
1.2 x 10- 8 

3.5 15-9 
9.0 10-9 
5.2 10-9 
5.1 
5.0 10-9 
3.b 
3.3 10-9 
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TABLE B-VI 

CREEP TSST DATAJSTRESS-RELIEVED TZM FORGED DISC, 2000°F, 13,000 PSI 

Length Change 
T i m e  O L  ( i n )  Creep 

(Minutes) ( 2 "  G. L o )  (%) 

1 

2 

3 
4 
5 
6 
7 
8 
9 
10 

15 

25 

30 
45 
60 

75 

20 

PO 

-.OW30 -. 00015 
-. 00015 
- .ocQo5 
.00010 

.00005 

-. 00015 

.oooo 

.0001(! 

. moo5 
.00005 

0 00010 

. OS005 

.00000 

.00010 

.0or)15 

.00005 

.OC)OlO 

-.015 
-e0075 
-. %I75 
-.@I75 
-.0025 

.005 

00025 . 000 
.005 

00025 

.go25 

.005 

.0025 

.005 

.'XI75 
00025 

.005 

.oooo 

Pressure 
(Torr) 

1.6 

Time 
(Hours) 

20.0 

74.7 
125 .? 

136.5 
160.3 
184.1i 
208.5 
232.2 

30b.h 
328.3 

352.3 
376.6 

Length Change 
A L  ( i n )  Creep 
(2" G o  Lo) ( % I  
-.00005 - .0025 

o 00030 . 015 
.00100 0 05 

.00080 e 04 . 00085 -0425 

.00085 -04 25 

.00090 045 
0 00090 045 
.00100 05 

.00100 05 

.00105 05 25 

.00105 .os 25 

Pres sur e 
( Torr ) 

6.7 x 
1.0 x 10- 
1.b x 

a 

1.0 x 10-8 
5.7 10-9 

4.4 
4.0 
3.1~ 
2.2 

2.0 

1.9 
1.3 
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TABLE B-VI1  

CilEEP TEST DATA, STE1ESS-XELIEVED AS-30 PLATE, 2000°F, 12,000 PSI 

Length Change 
Time A L  ( i n )  Creep Pressure 

(Minutes) (21' G. Le ) - ($1 (Torr )  

1 

2 

4 
S 
6 
7 
8 

9 
10 

11 

12 

13 
1 4  
15 
16 
1 7  
18 
19 
29 

2 1  

25 
30 

35 
!13 

h5 
5c 
1;s 

50 

- .00005 

.00095 

- 00Oc)10 

.00005 

.00015 

.00035 

00035 . ooolro . oooh5 
0 000 40 
.OOOh5 . 00045 

am055 
.00055 

.00060 

.00053 

.00050 

.ooos 0 

.ooos3 

.00055 

.0005 0 

.DO060 

.00060 

.00055 

.00055 

.'30055 

.00050 

.go063 

-.0025 3 4  10-7 
* 0025 

.0025 

00075 
01 75 

-0005 

00175 
0020 

80225 

.020 

00225 

.s225 
00275 

.02?5 

.030 

.025 

8 025 

.025 

.025 

8025 

.030 

.0275 

.025 

-030 

-030 3.2 x 

00275 

e0275 

00275 

Length Change 
Time AL ( i n )  Creep 

(Hours ) (2'' 3 .  Le ) (%I 
17.8 
38.4 
97.2 
11oc.9 
158 0 2 

182.7 

205.4 

266.4 

302.7 

278.2 

326.2 
4l0.4 

L46.5 
470.9 

510.1- 
552.7 

6lJl.5 
638.4 
662.5 
686.6 

603.8 

710.3 

782. b 
730.9 

*806. b 

Presrure  
(Torr) 

7.2 x 10'' 
4.4 x 
3.h x 
2.2 x 
3.1, 
9.4 x lo-c 

1.2 x lo-?, 
4.9 x 

1.0 x 

loJi x lo-' 
7.5 
9.2 

9.2 10-9 
5.8 10-9 

Jleb x 10-9 

3.3 

h.6 x 

b.0 x 10':) 
3.6 x 19-9 
3.2 x lo+ 
1.b x lo+ 

1.6 

6.0 x IOm9 

-9 
5.h x 10 

-1 0 9.3 x 10 
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Element 

A 1  

B 

C 

Cb 
Cd 
C O  

C r  

Cll  

Fe 

H2 
I*lg 
Mn 
Mo 

2 N 

N i  

O 2  
Pb 

Ee 

S i  

Sn 

Ta 
T i  
V 
W 

Zn 

THOMPSON R A M 0  WOOLORIDGE INC. 

TABLE B-’JIII 

CHWICAL ANALYSIS* OF TUNGST!3V-25% RHENIUM SHEET 

( WeiiJht Percent) 

Vendor 
Cert i f icat ion 

Tqp 
< 0.0020 
< 0.0001 

0.0050 

0.0005 
0.0020 

CO.rx)20 

0.01.00 

4 0 . 0040 

0 . 0100 

0 . O O O l b  

< 0,0020 

< 0.0020 

0 . OOlrO 

< 0.0020 
< 0 . 0050 
< 0.0020 

25.1 
< 000100 

< 0 . 0020 

0.0300 

-- 
< 0.0020 
< 0.0020 

Bal. 
0 0 0050 

Bottom 

4 0.0020 
< 0.0001 

0.0030 

0.0150 

4 0 .0005 
< 0.0100 

< 0.0020 

0 . 0115 
< 0.0020 
< 0.0020 

0.0250 
0.0030 

< 000020 

< 0.0050 
4 0 e0020 

26.0 
< 0.0100 

< 0.0020 

< 0.0020 

4 000020 
B a l  . 

< 0.0050 

< 0 o 0040 

0 . 00014 

-- 

TRhr Analysis 
3200’F - 97 Hrs. 

< 0.005 

0.006 

< 0..010 

-- 
< 0.010 
< 0.010 
4 0.010 

0.0005 

< 0.010 
< 3002 

4 0.010 
0 . 001 

0.001 

-_ 
< 0.010 
< 0 . 0 6  

Bal . 
-- 

4 TFtW Analysis on as-received material  not completed. 
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TABLE B-IX 

CHEMICAL ANALYSIS OF TUNGSTEM SHEET 

(Weight Percent) 

Element 

A 1  
C 

Cb 
C r  

Cn 
Fe 

H 2  
Y I n  

M 0 

lT2 

Vend o r  
Certif ication 

0 0 0020 

TRW Analysis 
As-Received 

4 0.010 
< 00010 
< 00010 
< 00010 

3t 

< 0.015 
< 0.020 

~ 

N i  0 . 0004 < 0.010 

< 0.0020 4 0.015 
O2 

4f 0.0010 -- 
Si 
Ta 
T i  

-- < 0.010 
< 0.0001 0.005 

W Balance Balance 

!lRW Analysis 
3200'F - 32 H ~ s .  

4 00005 

0,036 * 

4 0.01 
< 0001 
< 0.01 

< 0.01 
< 0002 

< 0.01 

< 0.01 
< 0.01 

0 . 0005 

0 . 001 
0.001 

< 0.005 

Balance 

* Analysis not comdeted. 
E+ Analysis t o  be rechecked. 



TRW EQUIPMENT LABORATORIES 

T H O M P S O N  R A M 0  WOOLORIDGE INC. 
c 

'. 
TABLE B -X 

CHENICAL A U L Y S I S  TZM FORGED DISC 

(Weight Percent) 

Element 

A 1  
C 
Cb 

co 

C r 
cu 
Fe 

H2 
M g 

EIn 

MO 

N2 

O2 

Ni 

Pb 
Si 
Sn 
Ti 
7 
Zr 

Vendor 
C e r  ti f i cation 

4 0.001 

0 0013 
< 00005 

4 0.001 
< 0.001 
< 0.001 
< 0.001 
4 000001 
< 0.001 
4 00001 

Balance 
0 0 0011 

4 0.001 
4 0.0002 

< 0.001 
< 0.002 

4 0.001 
0.47 

< 0.001 
< 0,091 
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Element 

C 

Cb 

CO 

C\l 

Fe 

H2 
Mn 
PI 0 

N2 

O 2  

I? i 

Pb 
Si 

T i  
v 
W 

Z r  

TABLE B-XI 

CEJ3MICPL ANALYSIS AS-30 PLATE 

(Weight Percent)  

Vendor 
C e r t i f i c a t i o n  

0,0645 - 0.0655 

Balance 

< 0.0100 
4 0.0100 

< 000100 
(0,0003 - O.OOo6 

< 0.0100 

< 0,0200 

0.0141 - 0.0173 

0 0 0200 

000130 - 0.0160 

0 . 0050 

0.0200 

0 00300 

0.0150 

20.16 .. 20.34 
0.90 - 0.98 
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